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ABSTRACT 
An optimised vascular network for the in-situ repair of complex composite structures has been 
presented. Vascular networks can be incorporated into a structure, such that during a damage event they 
become ruptured and provide access to the damage site for a liquid repair agent. The ability to access 
and repair damage in-situ is intended to mitigate the need for traditional invasive repair strategies. In 
this paper a number of novel vascular configurations were examined. Topology optimisation (TOPT) 
was carried out using 2D thermo-mechanical finite element analysis (FEA) and compared to 
conventional circular vasculature. Significant increases in vascule volume and surface area were 
achieved, whilst simultaneously decreasing stress concentrations observed in circular configurations.    
 
1 INTRODUCTION 
One of the many advantages of composite materials is their ability to be formed in to larger and more 
complex integrated structures, minimising the need for bonding or mechanical fastening of smaller 
components. This trend towards single integrated components has posed new challenges for industry, 
including increased susceptibility to manufacturing defects and structural maintenance issues [1]. The 
susceptibility of these components to impact and in-service damage is also a key concern. Difficulties 
in detecting damage and subsequently assessing the criticality of said damage, has resulted in a great 
number of over-engineered components. Furthermore, once cracks or delaminations have been detected 
in a structure, standard repairs such as scarf (patch) or externally bonded (doubler) repairs tend to be 
complex and are highly invasive. 
 
Figure 1: Optimised single deltoid vasculature in a T-shaped composite component. 
Inspired by the ability of biological systems to autonomously repair damage, self-healing fibre 
reinforced polymers (FRPs) aim to mitigate the need for invasive repairs by restoring  
functionality in-situ. Building on existing vascular self-healing technology, this paper will demonstrate 
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a method for the introduction of optimised repair infrastructure into a complex composite structure. The 
specific objectives of implementing self-healing technologies into composite structures are twofold; to 
increase the allowable damage limit (ADL) for the structure and to increase the safe load bearing 
capability of structures with sub-critical damage (see Fig. 2). 
 
 
 
Figure 2: Increased allowable damage limits (ADLs) and residual load bearing capabilities to be 
achieved through the use of self-healing technologies. Cat 1 – BVID & allowable manufacturing 
defects (no repair), Cat 2 – Sub-critical VID (repair during normal inspection cycle), Cat 3 – Critical 
VID (repair soon after occurrence), Cat 4 – Obvious to users requiring repair after occurrence,  
Cat 5 – Major damage, immediate repair required. (Adapted from [2]) 
A number of methods have been proposed for implementing self-healing in composite materials. 
These can be broadly grouped into three different strategies; discrete capsule-based [3–6] systems, 
continuous or semi-continuous vascular [7–9] systems and intrinsic [10,11] systems. Both capsule-
based and vascular systems rely on the rupturing of resin filled vessels, which can leach into the damage 
plane and restore functionality. Intrinsic systems rely instead on the chemical affinity of the damaged 
surfaces to self-adhere, typically through strong secondary electro-chemical bonding. Although all three 
of these strategies have been established in bulk polymeric materials, the presence of the fibre 
reinforcement phase provides challenges in implementing self-healing in FRPs.  
Focusing on vascular systems, some of these challenges have been examined by Norris et al [12–
16]. It has been found that the location and size of the embedded vascules, as well as their orientation 
relative to the fibre reinforcement, needs to be carefully controlled in order to optimise self-healing 
performance. A key finding was that it is highly preferable to align vascules in the fibre direction, as 
transverse or oblique vasculature requires undesirable discontinuities to be introduced into the fibre 
architecture [14].  
The T-joint configuration was selected for investigation as it is commonly used in many structural 
applications and is itself a good lab-scale analogue for more complex structures. The deltoid region, as 
shown in Fig. 1, is a region of unidirectional (UD) material used to maintain the form and integrity of 
the joint. This region has been shown to be highly susceptible to both manufacturing defects [17] and 
damage during mechanical loading [18,19]. The presence of UD deltoid material, combined with the 
geometric complexity and susceptibility to damage make it an ideal candidate for the deployment of an 
in-situ repair strategy. It has been shown previously by the authors that the introduction of circular 
vasculature into the deltoid region results in a reduction in mechanical performance [20]. The work 
presented herein aims to mitigate the detrimental influence of vasculature on the mechanical 
performance of T-joints, through the optimisation of the vascule topology and positioning.  
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2 EXPERIMENTAL 
2.1 2D Plane Strain Model 
A plane strain analysis was performed using Abaqus/CAE 6.12 to determine the influence of 
vasculature on T-joint strength and failure initiation location.  The methodology employed here was 
identical to that used previously by Cullinan et al. [20]. A brief overview has been included here for 
completeness.  A uniform vertical displacement (U2) of 2mm was applied to the top of the web section 
as shown in Fig. 1. The rollers were modelled by applying a vertical displacement constraint (U2=0) at 
the corner nodes of the overlaminate. Thermal loading of -160°C (180°C cure, 20°C Tamb) was applied 
to the entirety of the model. The small resin pockets at the vertices of the deltoid region were modelled 
as fiber reinforced regions as these regions were deemed to have no influence on the global stress state.  
 
IM7/8552 Properties    
E11 = 161 GPa ν12 = ν13 = 0.32 G12 = G13 = 5.17 GPa α11 = 0 x10-6/°C 
E22 = E33 = 11.38 GPa ν 23 = 0.436 G23 = 3.98 GPa α22 = α33 = 30x10-6/°C 
Table 1. Thermoelastic properties of IM7/8552 [21] 
 
lS b h Ply Orientation 
(mm) (mm) (mm) Substrate Overlaminate Deltoid 
100 20 40 [0°/-45°/90°/45°]3S [(0°/-45°/90°/45°)2/0°]S 90° 
Table 2. Model dimensions and ply orientations (see Fig. 1) 
Plies were modelled individually with two elements per ply. Off axis plies (i.e. ±45°) were modelled 
using equivalent properties obtained from classical laminate theory, and are given in Table 1. In the case 
of the control joints, 69,650 bi-quadratic plane strain quadrilateral elements of type CPE8 were used. In 
the case of the vascularized joints, the mesh density was locally increased to account for the higher stress 
state at the periphery of the vasculature. There was a corresponding increase in the number of elements 
used to a maximum of 87,159 CPE8 elements. Convergence checks were performed to ensure sufficient 
mesh refinement was used. Failure was determined using the maximum transverse stress (𝜎𝑡𝑡) equation, 
as given in Eq.1. The maximum strength transverse to the fibers was assumed to be 92MPa [18]. 
 
 
𝜎𝑡𝑡90° =  
𝜎22 +  𝜎33
2
+  √(
𝜎22 − 𝜎33
2
)
2
+ 𝜏23
2  (1) 
The analysis was performed in two steps; first thermal loading was applied to the entire model  
before a combined mechanical and thermal loading was applied as described previously. Three different 
models were examined, an unvascularised control joint, a joint containing circular vasculature, and a 
joint containing TOPT vascules.  
2.2 Topology Optimisation 
The topology of the optimised vasculature was determined using a series of manual iterative loops, 
each comprising of up to 12 individual analysis runs. The analysis was performed using the same two-
step process as described in Section 2.1. For each analysis run, the location and magnitude of the peak 
stresses due to thermal loading only was recorded. This information was then collated and the  
geometry exhibiting the lowest thermal residual stresses was displayed using a simple ‘traffic light’ 
system (see Fig. 6). For the traffic-light system: 
 Geometries exhibiting max transverse stresses in excess of 92MPa were deemed to have 
failed and are shown in red,  
 Stresses from 70-92MPa are deemed to be at risk of failure and shown in orange,  
 Stresses below 70MPa are arbitrarily deemed to be acceptable and shown in green.  
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The objective of the optimisation study was to maximise vascular cross sectional area whilst 
minimising peak stresses at the periphery of the vascules. Starting with an arbitrary rectangular geometry 
with semi-elliptical ends (see Fig. 5), the width and elliptical aspect ratio were then varied. The purpose 
here was to determine an approximate maximum cross sectional area that could be achieved without 
exceeding the 70MPa “green” limit. The vascule was positioned centrally at the bottom of the deltoid, 
nearest the substrate (see Fig. 1 for nomenclature). This location was selected as it was determined to 
be the most remote location within the deltoid from mechanically induced stresses. Once a first iteration 
of the design had been established, the topology was assessed under mechanical loading (U2= 2mm). 
An acceptable geometry was one in which failure was expected to initiate remote from the vascules 
during mechanical loading. Converging on such a geometry required a number of design loops, in which 
corners and stress concentrations around the vascule periphery were smoothened and re-analysed.  
After each design loop, a sensitivity analysis was performed to determine the maximum envelope for 
the effective placement of the vasculature. The sensitivity analysis involved moving the vasculature 
within the deltoid to determine the maximum X-Y translation and Z-rotation that could be 
accommodated for each geometry. A minimum manufacturing tolerance of 2mm X-translation, 
0.375mm Y-translation (3 plys) and 15° Z-rotation. These limits were based on hand layup; further 
refinements may be achieved using automated manufacturing routes.  
 
3 RESULTS & DISCUSSION 
3.1 Control & Circular Analysis 
In order to determine the stress state within the deltoid and surrounding regions, a control analysis 
was performed. It can be seen from Fig. 3 that the stress state within the deltoid varies from a maximum 
of 49.2MPa at the deltoid tips, to a transverse stress-free state at the centroid. From this analysis it can 
be concluded that the most logical location in which to locate a vascular feature, such that it experiences 
minimal thermal stress concentrations, would be at this centroid location.  
 
 
Figure 3: Thermal residual stress state within deltoid region due to thermal loading. 
 
Next, the influence of combined thermal and mechanical loading on the stress state within the deltoid 
was assessed and presented in Fig. 4. Firstly it can be noted that as the vertical displacement increases, 
the regions of the deltoid at the root of the curved overlaminate section become most highly stressed. It 
can also be seen that the centre of the deltoid experiences high maximum transverse stresses, increasing 
with vertical displacement. Comparing Figures 3 and 4 it can be concluded that the optimal location for 
vascule deployment is non-obvious, requiring trade-off between locations and topology optimisation.   
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Figure 4: Stress evolution during combined thermal /mechanical loading (U2), 90° plies  
(a) U2 =0.4mm (b) U2=0.8mm (c) U2=1.2mm (d) U2=1.6mm, potential vascule deployment region 
 
One potential location that would satisfy both thermal and mechanical loading, would be to deploy 
vasculature centrally at the base of the deltoid, adjacent to the deltoid/substrate interface as shown in 
Fig. 4(d). This region experiences thermal stresses of the order of 30-40MPa, and combined stresses of 
the order of 40-50MPa (at U2=2mm). Another advantage of this region is ease of manufacturing. As the 
deltoid regions are manufactured using hand layup, accurate placement of vasculature can be 
challenging. Placement on or near the deltoid/substrate interface, however, is significantly less 
problematic than placement at an arbitrary location within the deltoid.  
A preliminary analysis of circular vasculature was performed to assess the suitability of the 
aforementioned location for vascule deployment. A 1mm diameter vascule was located 0.250mm (2 x 
plies) from the bottom of the deltoid. Under thermal loading a 𝜎𝑡𝑡 of 106.3MPa was observed at the 
periphery of the vascule, increasing to 137.5MPa at 1.6mm displacement. At these stress levels, the 
structure would not be expected to survive autoclave processing, and if it did, would be likely to fail 
prematurely under mechanical loading. It is clear that this location has potential, however circular 
vasculature is not suitable for such high temperature manufacturing.  
 
3.2 Topology Optimisation (TOPT) Analyses 
As mentioned previously, the objective of the optimisation study was to maximise vascular cross 
sectional area whilst minimising peak stresses at the periphery of the vascules. To achieve this, an initial 
width of 2mm and parabolic aspect ratio (B/h) of 1.11 were selected (see Figs. 6 & 7). From here the 
topology was subject to three design loop iterations. The model was subject to thermal and combined 
thermal/mechanical loads as described previously. Topology iteration was ceased when improvements 
per cycle fell below 1MPa. For the purposes of this parametric study this was deemed to be sufficient. 
(b) (a) 
(c) (d) 
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Figure 5: Initial profile for topology optimisation (TOPT) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Effect of width on thermal residual stresses (𝜎𝑡𝑡) at vascule periphery, h= 0.5mm, B/h=2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Effect of elliptical aspect ratio on thermal residual stresses (𝜎𝑡𝑡) at vascule 
 periphery, h=0.5, w=2mm 
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Figure 8: Thermal residual stress state within deltoid region due to thermal loading. 
 
Figure 9: Failure in TOPT specimen anticipated to occur remote from vascule location, thermal & 
mechanical loading, U2=2mm, (mesh removed from image for visualisation purposes). 
 
After a series of design loop iterations and sensitivity studies, a final topology was established that 
met the design criterial for the geometry/load cases presented. Under thermal loading, a maximum 
thermal 𝜎𝑡𝑡 of 54.1MPa was achieved. Examining Fig. 9, it can be seen that under combined loading it 
is anticipated that failure would be expected to occur at the root of the overlaminate, as per the control 
analysis (Fig. 4), prior to initiating at the vasculature. The proposed topology achieves a 49% reduction 
in thermal residual stresses at the vascule periphery. In addition, a 3.5x increase in cross sectional area  
and 7.16x increase in vascule surface area is achieved compared to the largest channels successfully 
implemented in self-healing found in the literature [12–14,16,22,23].  
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4 CONCLUSIONS 
A simple but robust method for the optimisation of vasculature (embedded hollow channels) for 
deployment in self-healing fibre reinforced polymer structures has been presented. The T-joint geometry 
was selected for this study as it is a widely used industrial configuration and is a design feature which 
lends itself well to the introduction of a vasculature network. 2D thermoelastic finite element analysis 
revealed that conventional circular vascules are ill-suited to deployment in complex structures due to 
stress concentrations around the periphery. Instead, an optimised topology was determined which 
significantly decreased stress concentrations to acceptable levels, whilst simultaneously allowing for 
greatly increased vascule dimensions. The ability to introduce large vascule infrastructure into a 
component may also be desirable for other smart applications such as structural health monitoring and 
thermal management.  
The overall objective of implementing self-healing / in-situ repair technology into composite 
structural features is to expand the allowable damage envelope for engineers. It is hoped that this 
technology will ultimately improve the safety of primary structures, whilst mitigating the need for costly 
repairs.    
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